1. Introduction {#s0005}
===============

Although chemotherapy is one of the widely used clinical treatments for cancer[@bib1] and hundreds of chemodrugs have been developed and applied in tumor therapy[@bib2], the side-effects, auxiliary toxicity and the high risk excipients in traditional formulations limit the application of chemodrugs[@bib3]. Finding an effective therapy with low side-effects deserves attention. The small-molecule inhibitors with low adverse reaction provide an alternative choice for cancer therapy, and the research and development of small-molecule inhibitors have been highlighted[@bib4], [@bib5]

Small-molecule inhibitors inhibit tumors by inhibiting specific DNA, nucleic acid and proteins that relate to tumor growth and metastasis[@bib6], [@bib7], [@bib8]. Unlike the non-targeting side-effects of chemodrugs, the small-molecule inhibitors specifically suppress the growth of the tumor cells with low adverse reaction[@bib9]. Therefore, small-molecule inhibitors have attracted enormous attention in recent years[@bib10], [@bib11], [@bib12]. VER-155008 is one of these potential small-molecule inhibitors, which can promote apoptosis to take place in the tumor cells by specifically reducing the expression of heat-shock proteins 70 and 90 (HSP70 and HSP90)[@bib13], [@bib14], [@bib15], [@bib16]. As a member of the HSP family, HSP70 and HSP90 are involved in the folding and function of several proteins and essential for tumor cell survival by regulating the expression of oncogenic client proteins like RAS, p53 and AKT.[@bib17] Besides, overexpression of HSP in the tumor site results in inefficiency of photothermal therapy (PTT) due to the tolerance of tumor cells to heat stress[@bib18]. Therefore, reduction of HSP70 and HSP90 in tumor cells not only promotes the cells apoptosis, but also improves the heat-sensitivity of tumor cells[@bib19], [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26]. Therefore, combining the PTT with VER might be a feasible way to enhance the anti-tumor effect[@bib17]. However, the bioavailability of VER is also restricted by its hydrophobic character, similar to some other hydrophobic anti-tumor drugs[@bib15], [@bib27]

Nano drug delivery systems have been applied to overcome the hydrophobicity of the cargo and enhance their delivery efficacy to the tumor site though the enhanced permeability and retention (EPR) effect[@bib28], [@bib29], [@bib30]. More than 40 kinds of nano-formulations have been studied in clinical trials[@bib31]. By being encapsulated into nanocarriers, the system improves the solubility of drugs, prevents renal clearance, promotes longer circulation in blood, responsiveness and enhances passive targeting to solid tumor sites[@bib32], [@bib33], [@bib34], [@bib35]. Among numerous kinds of materials for nanocarrier construction, amphiphilic block copolymer methoxy polyethylene glycol-poly (D,L-lactic acid) (MPEG- PDLLA) has been approved by FDA in preparing the DTX micelle, which has been launched into the market in South Korea[@bib36], [@bib37], [@bib38], [@bib39], [@bib40], [@bib41]. Bearing both hydrophobic and hydrophilic blocks within same polymer chain, amphiphilic copolymers can self-assemble and form different types of nanoparticular structures such as micelle[@bib42]. Due to its superior drug loading ability and biocompatibility, we expected that MPEG-PDLLA could be used to load VER-155008 to form VER-155008 micelles (VER-M), therefore improving VER׳s water solubility and prolonging its blood circulation time. The introduction of VER-M may be more suitable for enhancing the therapeutic outcome of low temperature PTT (which is also called mild PTT)[@bib43].

PTT is an efficient therapeutic process with low side-effects for cancer therapy[@bib44], [@bib45]. Optically sensitive materials which exhibit efficient photothermal conversion can be used as PTT agents to generate heat under laser irradiation to ablate cancer[@bib46], [@bib47]. Among different kinds of PTT agents, different types of gold nanoparticles (AuNPs) have long been a topic of intense research due to their size-related electronic, magnetic and optical properties[@bib48], which was used for antibacterial, biosensing, imaging and cancer treatments[@bib49]. Gold nanorod (AuNR) is one of the most effective agents in all these AuNPs for photothermal conversion[@bib50], [@bib51], [@bib52]. By surface modification with MPEG-thiol (MPEG-SH, 5000 Da), more biocompatible AuNR (MPEG-AuNR) can be obtained[@bib57] to overcome toxicity of AuNR[@bib53]. Owing to the surface coating with MPEG and the EPR effect, MPEG-AuNR is more likely to accumulate in tumors[@bib54]. Furthermore, AuNR can also be easily surface modified to functionalize[@bib55], [@bib56]. MPEG-AuNR is a suitable agent for PTT.

According to the therapeutic temperature, PTT can be divided into hyperthermia (\>45 °C) and mild PTT (≤45 °C)[@bib58]. Although hyperthermia is usually more effective, adverse risks, including amatory disease and tumor metastasis, can happen. On the contrary, mild PTT has low side-effects but the ineffective therapeutic outcome as a result of high expression of HSPs remains a challenge[@bib18]. Besides, improving the penetration depth of 700--950 nm NIR energy source to activate phototherapy is still desired, which lead to low temperature PTT[@bib59]. Thus, it is imperative to attenuate heat-resistance in mild PTT by using an HSP inhibitor, and VER-M can be used as one of the potential high-performance HSP inhibitors[@bib60]

Therefore, in this study, we plan to construct VER-M to evaluate the effect of HSP inhibition on the therapeutic outcome of MPEG-AuNR mediated low temperature PTT. MPEG coated AuNR (MPEG-AuNR) was used as the PTT agent for mild PTT. VER-M and MPEG-AuNR were characterized in detail. Both nano-sized VER-M and MPEG-AuNR could accumulate preferentially in tumor tissues through the EPR effect after intravenous injection as shown in [Fig. 1](#f0055){ref-type="fig"}, and then tumor cells were inhibited by a tumor inhibitor and enhanced mild PTT. The tumor inhibiting rate of these systems was further studied *in vitro* and *in vivo*. The inhibition of HSP70 and HSP90 expression was studied by western blot. To summarize, MPEG-AuNR\@VER-M is a promising strategy for tumor inhibition.Figure 1Schematic illustration of MPEG-AuNR\@VER-M for tumor apoptosis and selectively sensitizing tumor cells to mild PTT by inhibiting the expression of HSP.Scheme 1

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Sodium borohydride (NaBH4), ascorbic acid, tetrachloroauric acid (HAuCl~4~·3H~2~O),  silver  nitrate  (AgNO~3~),  *N*-cetyltrimethylammonium bromide (CTAB), DAPI, methyl thiazolyltetrazolium (MTT) and coumarin-6 (C6) were purchased from Sigma-Aldrich. Inhibitor VER-155008 was purchased from ApexBio. Copolymer MPEG-thiol (5 kDa) was obtained from Ziqi bio company (Shanghai, China). Methoxy poly (ethylene glycol) (MPEG-OH, *M*~n~=2000) was purchased from Sigma--Aldrich (Saint Louis, USA). D,L-Lactic acid (DLLA) was provided by Jinan Daigang Biomaterial Co., Ltd. 1,1-DioCtadecyl-3,3,3,3-tetramethylindodicarboCyanine (DID) was obtained from KeyGen Biotech (Nanjing, China). HSP90 and HSP70 human monoclonal antibodies were obtained from Labvision (Minneapolis, USA). 1640 medium, penicillin-streptomycin liquid (100×) and fetal bovine serum (FBS) were obtained from HyClone (Logan, USA). Dichloromethane (DCM) was purchased from Tianjin Bodi Chemical Co., Ltd. (Tianjin, China). Dimethyl sulphoxide (DMSO) was purchased from Tianjin Kermal Chemical Co., Ltd. (Tianjin, China). Chloroform was purchased from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China). Ethanol was purchased from Aladdin (Shanghai, China).

HCT116 cells were supplied by American Type Culture Collection (ATCC; Rockville, MD, USA), which were grown in a 1640 supplement with 10% FBS, 100 U/mL penicillin and 100 mg/mL streptomycin, respectively. The cell cultures were maintained in a 37 °C incubator with a humidified 5% CO~2~ atmosphere.

Female BALB/c mice (20 ± 2 g) were from HFK Bioscience Co., Ltd. (Beijing, China) and kept under SPF conditions with free access to standard food and water. All animal procedures were performed following the protocols approved by the Institutional Animal Care and Treatment Committee of Sichuan University (Chengdu, China).

2.2. Preparation and characterization of (VER-155008)-loaded micelles {#s0020}
---------------------------------------------------------------------

Briefly, VER and copolymers MPEG-PDLLA (*M*~n~: 4 kDa)[@bib40] were co-dissolved in 2 mL of dehydrated alcohol and placed in a round-bottomed flask. Then the solvent was evaporated in a rotary evaporator at 60 °C for 2 h. Subsequently, the mixture was hydrated with 5 mL water under moderate shaking at 60 °C, and VER-loaded micelles formed by self-assembly. Finally, the micelles were filtered through a syringe filter (pore size: 220 nm) (Millex-LG, Millipore Co., USA), aiming at removing non-entrapped drugs and lyophilized for further applications. The shape and dispersion of the micelles were observed by transmission electron microscope (TEM). The size and zeta potential were detected by dynamic light scattering (Nano-ZS 90, Malvern Instruments, Malvern, UK) at a constant temperature of 25 °C.

The drug release behaviors of the VER micelles of VER-M were determined as follows[@bib73]. Briefly, free VER and VER-M were separately suspended in a dialysis bag (molecular weight cutoff: 14 kDa) and were then immersed into PBS (pH= 7.4) solution at 37 °C under horizontal shaking (100 rpm, HZQ-C, Harbin Donglian Electronic Technology Development Co., Ltd, Harbin, China). At predetermined intervals, the aliquots (2 mL) were withdrawn and replaced by the same amount of PBS. The amount of VER released at designated time points were measured by HPLC.

2.3. Synthesis of MPEG-AuNR {#s0025}
---------------------------

Synthesis of AuNR was according to a modified seed-mediated method[@bib61]. Briefly, 7.5 mL CTAB (0.1 mol/L) was mixed with 100 μL HAuCl~4~ (0.024 mol/L), and 1.8 mL deionized water was added to the mixture. Further, 0.6 mL NaBH~4~ solution (0.01 mol/L, 4 °C) was added, and stirred continuously for 3 min until the solution became bronze-colored. The solution was then left for 2 h at 25 °C allowing the seeds to grow. Following this, 100 mL CTAB was mixed with 2.04 mL HAuCl~4~ while stirring vigorously. Then, 2 mL 0.5 mol/L H~2~SO~4~, 0.9 mL 0.01 mol/L AgNO~3~ and 0.8 mL 0.1 mol/L ascorbic acid were added to the mixture in turn to prepare a growth solution. A seed solution (240 μL) was added to the solution, which was set overnight at 25 °C. To reduce excess CTAB, the AuNR as-synthesized was purified by centrifugation (16,000 × g, 10 min). To prepare MPEG-AuNR, 100 mg MPEG-thiol (5 kDa) was added to the AuNR solution (10 mL). After stirring for 12 h, the MPEG-AuNR solution was purified by centrifugation (16,000 × g, 10 min).

TEM was used to observe the pattern of AuNR and MPEG-AuNR. The diameter and zeta potential of AuNR and MPEG-AuNR were analyzed by dynamic light scattering (Nano-ZS 90, Malvern Instruments, Malvern, UK) at a constant temperature of 25 °C. Fourier Transform infrared spectroscopy (FTIR) was also used to confirm the successful modification on MPEG-AuNR. The temperature-rising curves of AuNR and MPEG-AuNR at the concentration of 50 mg/L were characterized by different powers of 808 nm NIR laser. Finally, MPEG-AuNR was mixed with VER-M in different ratios before being used. Infrared spectrum was used to observe the successfully modification of gold nanorods.

2.4. Cell culture {#s0030}
-----------------

Human colon cancer cells (HCT116) were incubated in a 1640 medium with 10% FBS and 1% antibiotics at 37 °C in a humidified atmosphere containing 5% CO~2~. Mouse embryonic fibroblasts (3T3) were incubated in a DMEM medium with 10% FBS and 1% antibiotics at 37 °C in a humidified atmosphere containing 5% CO~2~.

2.5. In vitro uptake of VER-M {#s0035}
-----------------------------

To investigate the uptake of VER-155008 micelles in HCT116, fat-soluble fluorescent molecules coumarin-6 (C6) was used as substitute for VER-155008 in the uptake study. In brief, HCT116 cells were seeded in 6-well plates at a density of 10^5^ per well. After 24 h incubation, cells were treated with NS, 100 ng/L of C6 or 100 ng/L of C6 at 45 °C. Ten minutes later, cells were collected and used for fluorescence imaging after DAPI treatment or flow cytometry to observe the localization of C6.

2.6. In vitro cytotoxicity assay {#s0040}
--------------------------------

The cytotoxicity of free VER, VER-M, and MPEG-AuNR with VER-M were investigated in HCT116 cells and 3T3 cells. Firstly, cells were seeded in a 96-well plate (6.0 × 10^3^ cells per well) and incubated in 200 μL of 1640 (for HCT116) or DMEM (for 3T3) medium for an additional 24 h. After that, cells were exposed to various concentrations of free VER, MPEG-AuNR, VER-M, and MPEG-AuNR with VER-M with or without NIR laser. After incubation for 12 h, the cell viability was measured by the MTT method. The relative cell viability was calculated as (OD~570\ sample~/OD~570\ control~) ×100%, where OD~570\ control~ was obtained in the absence of therapeutic agents and a OD~570\ sample~ was obtained.

2.7. Live/dead cell staining assay {#s0045}
----------------------------------

HCT116 cells were seeded in 6-well plates at a density of 5 × 10^5^ cells per well. After 24 h plating, the cells were incubated with (1) 0, 5 and 10 mg/L VER-M at 37 °C; (2) 0, 5 and 10 mg/L VER-M at 40 °C; (3) 0, 5 and 10 mg/L VER-M containing 50 mg/L MPEG-AuNR with 808 nm Laser (2.5 W/cm^2^, 4 min to 45 °C) after being incubated for 2 h; (4) 0, 5 and 10 mg/L VER-M containing 50 mg/L MPEG-AuNR with 808 nm Laser (3 W/cm^2^, 4 min to 55 °C), respectively. After incubation for 2 h, the cells were washed 3 times with PBS, and 200 mL working solution (PBS containing 2 μmol/L calcein AM, 8 μmol/L PI) were added and the cells were further incubated for 30 min at room temperature away from light. Finally, the cells were washed 3 times with PBS again, and observed under fluorescent microscopy.

2.8. Evaluation of apoptosis by flow cytometry {#s0050}
----------------------------------------------

HCT116 cells were seeded in 6-well plates at a density of 5 × 10^6^ cells per well. After 24 h incubation, cells were exposed to MPEG-AuNR (40 mg/L) with or without VER-M (10 mg/L). Two hours later the culture medium was incubated at 37 °C or treated with NIR light irradiation (2.5 W/cm^2^, 2 min to 40 °C, 3 min to 45 °C or 5 min to 55 °C). The cells incubated at 37 °C without any treatment were tested as the negative control. Then apoptosis of the cells was detected by flow cytometry. The synergistic effect between VER-M and PTT was analyzed *via* Jin\'s formula: $$q = E_{A + B}/\left( E_{A} + E_{B} - E_{A} \times E_{B} \right)$$Where *q* is the combination index; *E*~A+B~, *E*~A~, *E*~B~ were the efficacies of drug A + B, drug A and drug B, respectively.

2.9. Western blot analysis of HSP70 and HSP90 {#s0055}
---------------------------------------------

In brief, HCT116 cells were seeded in a 6-well plate at a density of 5 × 10^5^ per well for 12 h. Then the cells were treated with different conditions: (1) cell incubated at 37 °C, (2) cell treated with 808 nm NIR laser to 40 °C with various concentrations of VER-M, (3) cell treated with 808 nm NIR laser to 45 °C with various concentrations of VER-M, (4) cell treated with 808 nm NIR laser to 55 °C with various concentrations of VER-M. Four hours later, cells were collected and disrupted by RIPA for 10 min. The expression of HSP90 and HSP70 was detected by western blot. The protein expression of HSP70 and HSP90 on the membranes was analyzed by an exposure meter.

2.10. Animals and tumor models {#s0060}
------------------------------

Female BALB/c nude mice (4−5 weeks old) were bought from Beijing HFK Bioscience Co., Ltd (Beijing, China). All animal experiments were performed in agreement with institutional animal use and care regulations from Sichuan University. The tumors were obtained by injecting female mice with HCT116 cells (1.5 × 10^6^ cells) subcutaneously in the right armpit region.

2.11. In vivo tumor-targeted photoacoustic imaging (PAI) and photothermal curves {#s0065}
--------------------------------------------------------------------------------

When tumors reached a size of approximately 150 mm^3^ in volume, 200 μL MPEG-AuNR (500 mg/L) or Normal saline (NS as control) was intravenously injected into the tumor-bearing mice. Images were obtained after 0, 2, 8, 12 and 24 h by PAI. For further study the temperature-rising curve of MPEG-AuNR *in vivo*, mice injected after 12 h were treated with 808 nm NIR laser on their tumors, and then time--temperature curves were drawn/obtained.

2.12. In vivo fluorescence imaging study {#s0070}
----------------------------------------

To investigate the delivery of VER-M *in vivo*, real-time fluorescence imaging was carried out. 1,1-DioCtadecyl-3,3,3,3-tetramethylindodicarboCyanine (DID) was replaced VER as the fluorescence probe to be wrapped in micelles. Normal saline, free DID, DID micelles, DID micelles and MPEG-AuNR (treated with PTT to 45 °C) were intravenously injected into the tumor-bearing mice until the tumor volume reached approximately 200 mm^3^. Fluorescence imaging was observed at predestined time intervals (2 h, 4, 8, 12, and 24 h). Further to investigate the biodistribution of VER in the mice, tumors and other main organs (liver, spleen, lung, kidney, and heart) were harvested 12 h after injection.

2.13. In vivo antitumor effect {#s0075}
------------------------------

When the tumors reached a size of 200 mm^3^, the tumor bearing mice were divided into 7 groups: (1) NS group as control; (2) 10 mg/kg VER-M; (3) mice injected with 5 mg/kg MPEG-AuNR (treated with PTT to 40 °C) (4) mice injected with 5 mg/kg MPEG-AuNR and 10 mg/kg VER-M (treated with PTT to 40 °C); (5) mice injected with 5 mg/kg MPEG-AuNR (treated with PTT to 45 °C); (6) mice injected with 5 mg/kg MPEG-AuNR and 10 mg/kg VER-M (treated with PTT to 45 °C); (7) mice injected with 5 mg/kg MPEG-AuNR (treated with PTT to 55 °C), respectively. The weight of the mice and tumor volume was measured every other day. Tumor sizes were measured by caliper, and tumor volume was calculated[@bib74] as (tumor width)^2^× (tumor length)/2. The tumor inhibiting rate was calculated as *V/V*~control~. The synergistic effect between VER-M and PTT was analyzed *via* Jin\'s formula: $$q = E_{A + B}/\left( E_{A} + E_{B} - E_{A} \times E_{B} \right)$$where *q* was the combination index; *E*~A+B~,*E*~A~,*E*~B~ were the efficacies of drug A + B, drug A and drug B, respectively). Relative body weight was determined as *W*/*W*~0~ (*W*~0~ is the body weight before therapy). Five mice in each group were used to observe survival times. Moreover, the tumor tissues were treated with H&E staining to observe tumor apoptosis.

2.14. Statistical analysis {#s0080}
--------------------------

Statistical significance was analyzed by a three-sample Student׳s test. Statistical significance was inferred at a value of *P* \< 0.05.

3. Results {#s0085}
==========

3.1. Preparation and characterization of VER-M and MPEG-AuNR {#s0090}
------------------------------------------------------------

TEM displayed the shape and dispersion of blank micelles and VER-M ([Fig. 2](#f0005){ref-type="fig"}A and B). The particle sizes of VER-M and blank micelles were around 30 nm ([Fig. 2](#f0005){ref-type="fig"}C). The polydispersity index (PDI) of VER-M and the blank micelles were about 0.13, which showed narrow and normal distribution. The zeta potential of VER-M and blank micelles was around −10 mV ([Fig. 2](#f0005){ref-type="fig"}D). All these results proved that the solubility of VER could be improved by being entrapped in the micelles. As displayed in [Fig. 2](#f0005){ref-type="fig"}E, approximate 75% of VER was released from MPEG-PDLLA micelles after 24 h, which provided an opportunity for the inhibitor׳s release. Moreover, mixing the MPEG-AuNR with VER-M also had a good dispersion and passed through a 450 nm filter.Figure 2TEM images of blank micelle (A) and VER-M (B). (C) Diameter of blank micelle and VER-M. (D) Zeta potential of blank micelle and VER-M. (E) Drug release curve of Free VER and VER-M.Fig. 1

Rod shaped AuNR (98 nm in diameter) was prepared as the heat generator for PTT ([Fig. 3](#f0010){ref-type="fig"}). The transmission electronic microscopy (TEM) images ([Fig. 3](#f0010){ref-type="fig"}A and B) showed the good dispersion of AuNR in solution with or without MPEG, and their diameters were around 70 nm ([Fig. 3](#f0010){ref-type="fig"}C) and PDI were around 0.3. The zeta potential of the AuNR (34.16 mV) and the MPEG-AuNR (−3.2 mV) ([Fig. 3](#f0010){ref-type="fig"}D) indicated that the CTBA on AuNR had been replaced by MPEG-SH, and the AuNR had been coated by MPEG successfully. As was shown in [Fig. 3](#f0010){ref-type="fig"}F, strong absorption peaks at 2921.67 and 2869.67 cm^−1^ which belong to C--H stretch vibration[@bib40] were observed in AuNR. While absorption peaks at 2917.82 and 2852.25 cm^−1^ in MPEG-AuNR became much weaker, which proved that the CTAB surfactant has been replaced by MPEG-SH. This result was consistent with the zeta pontential, and all these results confirmed the successful surface modification of AuNR.Figure 3TEM images of AuNR (A) and MPEG-AuNR (B). (C) Diameter of AuNR and MPEG-AuNR. (D) Zeta potential of MPEG-AuNR and AuNR. (E) The absorption spectrum of MPEG-AuNR and AuNR. (F) The IR spectra of MPEG-AuNR and AuNR. (G) Heating curves of MPEG-AuNR and AuNR at the concentration of 50 mg/L with fixed 2.5 W/cm^2^ 808 nm laser power. (H) Heating curve of MPEG-AuNR at the fixed concentration of 50 mg/L with different 808 nm laser powers.Fig. 2

The absorption spectrum peak at 800 nm was observed both in AuNR and MPEG-AuNR ([Fig. 3](#f0010){ref-type="fig"}E), so that both AuNR and MPEG-AuNR were photothermally stimulated by a 808 nm near-infrared laser. There were no significant differences between the heating curve of AuNR and that of MPEG-AuNR ([Fig. 3](#f0010){ref-type="fig"}G), coating with MPEG could not reduce the photothermal effect of AuNR. Heating curves of MPEG-AuNR with different 808 nm NIR laser powers at the concentration of 50 mg/L ([Fig. 3](#f0010){ref-type="fig"}H) showed that the end heating temperature was related to time and laser power, which gave guidance for the measure to get different temperatures. In conclusion, MPEG-AuNR with a photothermal effect has been prepared successfully.

3.2. In vitro uptake study {#s0095}
--------------------------

Cell uptake of the micelles in HCT116 is shown in [Fig. 4](#f0015){ref-type="fig"}. The VER was replaced by C6 as the fluorescence probe to explore the cell uptake in HCT116. In [Fig. 4](#f0015){ref-type="fig"}A, no green fluorescence can be seen in the NS group, and strong fluorescence can be observed in the micelle group, which indicated that the micelles could be taken up by HCT116. Besides, the fluorescence intensity in the C6-M+PTT group was stronger than in the C6-M group. The quantitative analysis of cell uptake ratio was detected by flow cytometry. In [Fig. 4](#f0015){ref-type="fig"}B, the fluorescence intensities of the micelle groups are significantly stronger than the NS groups, and this result was consistent with the fluorescence observation. These results indicate that the micelles could deliver the hydrophobic drugs into cells *in vitro*.Figure 4(A) Fluorescent microscopy images of HCT116 cells with different treatments (scale bar: 20 μm) and (B) Flow cytometry measurement of C6 levels in HCT116 (\**P*\<0.05).Fig. 3

3.3. Inhibition of tumor growth in vitro {#s0100}
----------------------------------------

Next, the synergistic effect of VER and photothermal therapy (PTT) for inhibiting the growth of tumor cells by AuNR and VER-M was investigated in this series of experiments *in vitro*, and the results are summarized in [Fig. 5](#f0020){ref-type="fig"}. As shown in [Fig. 5](#f0020){ref-type="fig"}A, viabilities of HCT116 were over 85% in free VER groups at concentrations from 0 to 160 mg/L. The cytotoxicity of the VER-M depended on the dose concentration of VER which was more effective than free VER. These results indicated that loading VER into MPEG-PDLLA micelles could improve the inhibition of the growth of HCT116 cells.Figure 5Cytotoxicity of (A) free VER or VER-M against HCT116 (^\*^*P*\<0.05 and ^\*\*^*P*\<0.005), (B) MPEG-AuNR combining with different concentrations of VER-M at different PTT temperatures against HCT116 (^\*^*P*\<0.05), (C) MPEG-AuNR or AuNR against 3T3 (^\*\*^*P*\<0.005), (D) free VER or VER-M against 3T3.Fig. 4

As shown in [Fig. 5](#f0020){ref-type="fig"}B, the synergistic inhibition effects of VER-M and PTT for HCT116 were investigated. With the increase of the PTT temperature, the viability of HCT116 decreased. However, it was easy to observe in individual PTT groups that the viabilities were all above 50% except for the 55 °C group. So individual mild PTT could not inhibit the tumor cell growth effectively. On the other hand, the viability of the cells was decreased remarkably when the cells were treated with PTT and VER-M, and this depended on the dose of VER. In combined therapy groups, the cell viabilities were less than 10% at 45 °C, and there were no significant differences compared to the group treated with 10 mg/L at 55 °C. Therefore, these results indicated that VER-M could effectively enhance mild PTT, and in this article, the 55 °C group would act as the positive control group. In conclusion, MPEG-AuNR was a kind of biosafe and effective PTT agent; the rate of HCT116 growth inhibition by VER-M depended on the dose of VER. Combining PTT and VER-M in tumor therapy treatment could enhance the anti-tumor effect.

The biocompatibilities of MPEG-AuNP and VER-M were investigated in 3T3 cells, as displayed in [Fig. 5](#f0020){ref-type="fig"}C, the viabilities of 3T3 cells treated with MPEG-AuNR were over 85%, since the concentration of AuNR was up to 0.625 mg/L. Therefore, the biocompatibility of AuNR could be improved by modifying MPEG on the surface of AuNR. The biocompatibilities of VER-M for normal cells were observed in [Fig. 5](#f0020){ref-type="fig"}D. These results illustrated that the HCT116 cells were more sensitive than the normal cells to VER-M.

3.4. Live/dead cell and apoptosis {#s0105}
---------------------------------

According to the live/dead cell images which are shown in [Fig. 6](#f0025){ref-type="fig"}A, the live cells had an overall majority at 37 °C even in the 10 mg/L of VER-M. With the increasing concentration of VER-M, the death ratios of cells increased at 40 °C. However, there were about 40% live cells even when the concentration of VER-M was up to 10 mg/L. Continuously, at a temperature of 45 °C, the percentage of dead cells was almost 100% when treated with 10 mg/L VER-M; while at 55 °C, the dead cells had an overall majority in any concentration of VER-M, and these results were consistent with the MTT assays. Live/dead analysis proved that both raising temperature and raising dosage of VER-M could improve the death ratio of HCT116 cell *in vitro*, and 10 mg/L might be an ideal dose.Figure 6(A) Fluorescence live/dead cell images of HCT116 cells with different concentrations of VER-M and PTT temperatures. Scale bar: 50 μm. (B) Flow cytometry analysis of apoptosis and necrosis of HCT116 cells with different concentrations of VER-M and PTT temperatures.Fig. 5

Apoptosis rates of HCT116 were evaluated further by flow cytometry ([Fig. 6](#f0025){ref-type="fig"}B). The apoptosis ratios of different groups were control, 0%; 10 mg/L VER-M at RT, 46.82%; 0 mg/L VER-M at 40 °C, 44.20%; 10 mg/L VER-M at 40 °C, 71.45%; 0 mg/L VER-M at 45 °C, 48.99%; 10 mg/L VER-M at 45 °C, 76.56%; 0 mg/L VER-M at 55 °C, 63.52%; 10 mg/L VER-M at 55 °C, 86.60%, respectively. By the introduction of laser irradiation or VER-M, the apoptosis was further promoted ([Fig. 6](#f0025){ref-type="fig"}B). Under the VER-M/PTT combination therapy, the synergetic indexes were 1.05 and 1.03, in the 40 °C and 45 °C group, respectively. It indicated that the PTT and VER-M formed a synergistic effect in HCT116 cells apoptosis. However, tumor apoptosis rates of cells treated at 40 °C were relatively low, which indicated that PTT was ineffective at 40 °C even with VER-M. To summarize, 45 °C was observed as the optimum mild PTT temperature in these studies.

3.5. In vitro Western blot (WB) study {#s0110}
-------------------------------------

To demonstrate the link between apoptosis and the HSP inhibitor, the protein expression of HSP70 and HSP90 were studied with different doses of VER and temperatures of PTT as shown in [Fig. 7](#f0030){ref-type="fig"}. In groups at a temperature of 40 °C ([Figs. 7](#f0030){ref-type="fig"}A and [7](#f0030){ref-type="fig"}D), the HSP expression of cells decreased with the concentration of VER-M increased. Similarity in 45 °C groups ([Fig. 7](#f0030){ref-type="fig"}B and E), HSP expression was prevented with the increasing dose of VER-M. Also similar results could be observed in 55 °C groups ([Fig. 7](#f0030){ref-type="fig"}C and F), HSP expression positively correlated with VER-M. Expression of HSP in the individual PTT groups was higher than the control group. These results indicate that high temperature promoted the expression of HSP. In consequence, VER-M could suppress the expression of HSP90 and HSP70 as the environmental temperature rose.Figure 7Western blot images of HTC116 treated with (A) different concentration of VER-M at 40 °C, (B) different concentrations of VER-M at 45 °C, and (C) different concentrations of VER-M at 55 °C. Relative HSP90 and HSP70 protein expression of HCT116 treated with (D) different concentrations of VER-M at 40 °C (\**P*\<0.05), (E) different concentrations of VER-M at 45 °C (\**P*\<0.05) and (F) different concentrations of VER-M at 55 °C (\**P*\<0.05). HCT116 incubated at 37 °C without VER-M was control in (A), (B), (C), (D), (E) and (F).Fig. 6

3.6. In vivo tumor-targeted photoacoustic imaging (PAI) {#s0115}
-------------------------------------------------------

The targeting efficiency of MPEG-AuNR in solid tumors was evaluated by PAI. The presence of MPEG-AuNR increased in the tumor site as time passed ([Fig. 8](#f0035){ref-type="fig"}A and B), and concentrations of AuNR were linear with PAI signals. In particular, the concentration of MPEG-AuNR in the tumor reached a max at 12 h after injection. The intensity of the signal in the tumor was much stronger than other tissues. This phenomenon illustrated that MPEG-AuNR could concentrate in the tumor side, and suggested 12 h after injection may be the best time for PTT.Figure 8(A) PA images of mice at 0, 2, 8, 12 and 24 h after being injected with MPEG-AuNR. (B) PA signal of mice at 0, 2, 8, 12 and 24 h after being injected with MPEG-AuNR (\**P*\<0.05). (C) *In vivo* photothermal images of mice after intravenous injection of NS (a) and MPEG-AuNR (b). (D) Temperature increase curve of the NIR-laser-irradiated tumor tissues as a function of irradiation time.Fig. 7

Furthermore, the heating curve *in vivo* at 12 h after injection was studied ([Fig. 8](#f0035){ref-type="fig"}C and D), and the mice injected with NS were considered as control. The temperature around the tumors in the MPEG-AuNR group rose as time went on. Especially, 40--42 °C was achieved after 1 min׳s laser treatment, 45--47 °C was achieved after 2 min׳s laser treatment, and 55--57 °C was achieved after 5 min׳s laser treatment. In contrast, the tumor temperature in the control group was kept at normal body temperature. All these studies showed MPEG-AuNR could make the tumor temperature increase by introducing the laser radiation.

3.7. In vivo fluorescence imaging {#s0120}
---------------------------------

To confirm the *in vivo* tumor-targeted efficiency of VER-M, DID as the fluorescence probe to replace VER was explored *in vivo*, and the results were displayed in [Fig. 9](#f0040){ref-type="fig"}. Two hours after injection, the fluorescence in experimental groups could be seen *in vivo*. Fluorescence intensity in the free DID group weakened after 12 h, whereas in the micelle groups it strengthened in the tumor site. This indicated that micelles could reduce the clearance rate of drugs *in vivo*, and concentrate in the tumor site through the EPR effect. Furthermore, comparing the group c (DID-M without PTT) with the group d (DID-M with PTT), the intensity of DID-M in the group c׳s tumor was weaker. This result indicated that the PTT might promote the enrichment of micelles in the tumor side, which because hyperthermia can overcome multidrug resistance (MDR)[@bib78]. Although the exact mechanism is still unclear, it is true that hyperthermia can affect transmembrane conductivity, sodium/potassium-ATPase activity, glutathione metabolism and P-glycoprotein (P-gp) activity[@bib79]. Because the strongest fluorescence intensity appeared at 12 h after administration, the PTT was carried out after the injection of MPEG-AuNR\@VER-M at 12 h for further research.Figure 9(A) *In vivo* fluorescence imaging at different times after injection. (a) NS as control, (b) free DID; (c) DID-M; (d) MPEG-AuNR\@DID-M with PTT, respectively. In A, the arrow head points toward tumor tissue, and 1, 2, 3, 4, 5, and 6 are tumor, heart, liver, spleen, lung, kidney, respectively. The quantitative analysis of the fluorescence intensity in mice and in tissues (\**P*\<0.05, \*\* *P*\<0.005) are shown in (B) and (C).Fig. 8

3.8. Anti-tumor in vivo {#s0125}
-----------------------

Encouraged by the favorable therapeutic effect *in vitro* and the satisfactory NIR-induced photothermal conversion result *in vivo*, the antitumor effect of MPEG-AuNR\@VER-M was further investigated *in vivo*. The tumor growth curves after administration are shown in [Fig. 10](#f0045){ref-type="fig"}A, the significant difference between groups with or without PTT, which indicated that the PTT was more effective than the individual VER-M group for tumor therapy. Also, among the individual PTT group, tumor growth inhibition increased as the temperature rose. Moreover, compared with the synergistic group, the individual PTT group exhibited weaker inhibition for tumor growth, so that the VER-M could promote the anti-tumor effect of PTT *in vivo*. It was easily observed that there were no significant differences between tumor volumes of the MPEG-AuNR\@VER-M 45 °C group and MPEG-AuNR 55 °C group 16 days after administration, and the tumor had almost disappeared. The images of mice at real-time points and the isolated tumors at 16 days are displayed in [Fig. 10](#f0045){ref-type="fig"}D and E. Furthermore, to investigate the anti-tumor effects of different formulations, H&E stain was used for detecting the tumor cell damage ([Fig. 11](#f0050){ref-type="fig"}). The most serious damage appeared in the MPEG-AuNR\@VER-M 45 °C and MPEG-AuNR 55 °C group. Also, the survival time of the mice was investigated for 35 days after administration. As shown in [Fig. 10](#f0045){ref-type="fig"}C, no mice from group e (tumor treated with PTT at 45 °C alone) and f (tumor treated with 10 mg/kg VER-M and PTT at 45 °C) died ([Fig. 10](#f0045){ref-type="fig"}C), while only 60% of the mice of group g (tumor treated with PTT at 55 °C alone) died, owing to recurrence of the tumors. These results indicated that PTT combined with VER-M had less recurrence rate than hyperthermia. This results because heatstroke not only directly induces cell injury, but also causes the release of large amounts of inflammatory mediators and cells with extensive biological activities to induce a systemic inflammatory response and immune dysfunction, which has been widely studied[@bib62], [@bib63], [@bib64], [@bib65], [@bib66], [@bib67], [@bib68], [@bib69], [@bib70], [@bib71], [@bib72]. The biocompatibility of the formulation was reflected by the weight change during the treatment. There was no dramatic reduction in each group, indicating that MPEG-AuNR\@VER-M was a safe formulation in tumor therapy. In conclusion, these results indicated that combining MPEG-PDLLA with the small molecular inhibitor VER in tumor therapy, not only could improve the anti-tumor effect of PTT, but also make mild PTT become reality.Figure 10*In vivo* antitumor study after injection. (a) NS as control, (b) VER-M; (c) MPEG-AuNR with PTT at 40 °C; (d) MPEG-AuNR\@VER-M with PTT at 40 °C; (e) MPEG-AuNR with PTT at 45 °C; (f) MPEG-AuNR\@VER-M with PTT at 45 °C; (g) MPEG-AuNR with PTT at 55 °C. (A) Tumor volumes after different treatments. (B) Relative body weight after different treatments. (C) Survival curves of different treatments. (D) The photograph of the mice with different treatments at 0, 6, 12 and 16 days after administration. (E) Photographs of tumor tissues 16 days after injection.Fig. 9Figure 11Effect of PTT on the tumors from HCT116 tumor-bearing mice from (a) NS as control, (b) VER-M; (c) MPEG-AuNR with PTT at 40 °C; (d) MPEG-AuNR\@VER-M with PTT at 40 °C; (e) MPEG-AuNR with PTT at 45 °C; (f) MPEG-AuNR\@VER-M with PTT at 45 °C; (g) MPEG-AuNR with PTT at 55 °C.Fig. 10

4. Discussion {#s0130}
=============

PTT is an efficient therapeutic process with low side-effects for cancer therapy[@bib40], [@bib41], which specifically ablate cancer at tumor tissue. However, many challenges such as inflammatory response, immune dysfunction and penetration depth[@bib59], [@bib62], [@bib63], [@bib64], [@bib65], [@bib66], [@bib67], [@bib68], [@bib69], [@bib70], [@bib71], [@bib72] are needed to be considered. As was mentioned in this study, PTT can be divided into hyperthermia (\> 45 °C) and mild PTT (≤ 45 °C)[@bib53]. High photothermal therapy may become unrealistic *in vivo* due to the unsatisfied penetration depth in biological tissues of NIR. Just as important, aggrandized side-effects to the surrounding tissue near tumors[@bib62], [@bib63], [@bib64], [@bib65], [@bib66], [@bib67], [@bib68], [@bib69], [@bib70], [@bib71], [@bib72] are also considered to be a grievous problem.

Although there were some studies aimed at improving the photo-thermal conversion rate in deep tissue,[@bib59] mild PTT still seems to be the relatively easy method for tumor photothermal therapy. The main problem of mild PTT was the low therapy effect due to the thermotolerance because of high expression of HSPs protein in cancer cells. Many studies in the past aimed at improving PTT by combining PTT with chemotherapy[@bib74], [@bib75], which with high requirement of the materials in drug delivery systems and were only proposals for the certain given environment or some target condition. HSPs play the key role in activating thermotolerance in hyperthermia therapy, and several nanosystems were developed to sensitize tumor cells by using HSP inhibitors or siRNA to enhance therapeutic efficiacy both *in vitro* and *in vivo*[@bib18]. In this study we demonstrated that combining VER-M with PTT could enhance the efficiency of mild PTT, which indicated that MPEG-AuNR\@VER-M was an effective method to enhance mild PTT in which VER-155008 considered to be the PTT sensitizer.

MPEG-AuNR was used as model materials for mild PTT in this study. It is noteworthy that there was no chemical conjugation between VER-M and MPEG-AuNR, which indicated that VER-M as PTT sensitizer might be in common use for other photothermal conversion materials. This materials might including graphene[@bib76], nano Fe~3~O~4~[@bib77] and so on. We believe that the graphene \@VER-M or nano Fe~3~O~4~\@VER-M system would be useful for mild PTT in the future. Or more succinctly, other kinds of heat treatments for cancer therapy such as hot compress[@bib80] and hyperthermic perfusion[@bib81] could be enhanced by forming hot compress\@VER-M or hyperthermic perfusion\@VER-M system.

5. Conclusions {#s0135}
==============

In this study, we entrapped the small molecule HSP70 and HSP90 inhibitor VER into MPEG-PDLLA to form VER-M. The size of VER-M was around 30 nm, which could be concentrated in the solid site through the EPR effect. In this article, VER-M as the PTT sensitizer combined with MPEG-AuNR to prepare a MPEG-AuNR\@VER-M formulation for tumor PTT. MPEG-AuNR as the PTT agent translated NIR to heat. The tumor target property of MPEG-AuNR was exhibited in PAI detection. The tumor inhibition of the therapy system MPEG-AuNR\@VER-M has been studied in detail *in vitro* and *in vivo*. These results demonstrated that combining VER-M with PTT could enhance the efficiency of mild PTT, and the mild PTT could reduce side-effects and recurrence rate by PTT at 55 °C. In conclusion, MPEG-AuNR\@VER-M was an efficient therapeutic protocol in mild PTT.
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